To get an insight into the transition from mononuclear Hodgkin cells (H cells) to diagnostic multinuclear Reed-Sternberg cells (RS cells), we performed an analysis of the three-dimensional (3D) structure of the telomeres in the nuclei of the Hodgkin cell lines HDLM-2, L-428, L-1236 and lymph node biopsies of patients with Hodgkin's disease. Cellular localization of key proteins of the telomere-localized shelterin complex, the mitotic spindle and double-stranded DNA breaks was also analyzed. RS cells show significantly shorter and significantly fewer telomeres in relation to the total nuclear volume when compared with H cells; in particular, telomere-poor 'ghost' nuclei are often adjacent to one or two nuclei displaying huge telomeric aggregates. Shelterin proteins are mainly cytoplasmic in both H and RS cells, whereas double-stranded DNA breaks accumulate in the nuclei of RS cells. In RS cells, multipolar spindles prevent proper chromosome segregation. In conclusion, a process of nuclear disorganization seems to initiate in H cells and further progresses when the cells turn into RS cells and become end-stage tumor cells, unable to divide further because of telomere loss, shortening and aggregate formation, extensive DNA damage and aberrant mitotic spindles that may no longer sustain chromosome segregation. Our findings allow a mechanistic 3D understanding of the transition of H to RS cells.
Introduction
Hodgkin's disease (HD) is a malignant lymphoproliferative disorder characterized by the presence of mononuclear Hodgkin cells (H cells) and diagnostic, bi-or multinuclear ReedSternberg cells (RS cells) in affected lymph nodes. In most cases, H and RS cells are derived from post-germinal center B cells, 1 but a few cases of T-cell origin have also been reported. 2 In 40-50% of cases, H and RS cells express the Epstein-Barr virus-encoded LMP1 oncoprotein or its deletion variants. 3 In contrast with other lymphomas, in which the tumor cells account, by far, for most of the lymph node enlargement, in HD the H and RS cells make up for less than 5% of the total cellular lymph node mass, composed of reactive cells, mainly T cells. 4 In analogy to the in vivo situation of diagnostic lymph nodes, in which H cells are much more frequent than the rare RS cells, the HD-derived cell lines, L-428, 5 HDLM-2 6 and L-1236, 7 are also composed mostly of mononuclear cells, multinuclear RS cells being rare varying from 1 to maximal 10% of all the cells that are observable. However, using single-cell culture approaches, it has been shown that the mononuclear H cells are the precursors of the multinuclear RS cells [6] [7] [8] and that this process of multinucleation is associated with endomitosis because of disturbed cytokinesis. 6, 8 In particular, abnormally large or multiple pericentrin structures have been identified in RS cells of L-428, 9 and karyotypic analysis of HDLM-2 showed Robertsonian translocations, jumping translocations, deletions and duplications in the short arms of the acrocentric chromosomes 10 consistent with the impairment of telomere function. 11, 12 Telomeres are the nucleoprotein complexes at the ends of chromosomes. Telomeric DNA consists of multiple doublestranded TTAGGG repeats and ends in a single-stranded overhang of the G-rich 3 0 strand. 13 Furthermore, a number of specific proteins, either binding telomeric DNA directly or being associated with telomeric chromatin, called Shelterin complex, are found on telomeres. [13] [14] [15] In both H and RS cells, telomerase activity is high 16, 17 and abundant telomerase RNA (hTR) has been identified by in situ hybridization. 18 However, the threedimensional (3D) structure of the telomeres in H and RS cells, as well as the molecular events associated with the transition from the mononuclear H cells to the diagnostic multinuclear RS cells are still unknown.
We analyzed the 3D structure of telomeres in the interphase nuclei of three Hodgkin cell lines and three lymph node biopsies diagnostic for Epstein-Barr virus-negative HD. The cellular localization of two key telomeric DNA-binding proteins, telomeric repeat-binding factors 1 and 2 (TRF1 and TRF2), of the mitotic spindle (centrin and g-tubulin), as well as the presence of double-stranded DNA breaks as evidenced by g-H2AX-positive staining, was also analyzed. Our findings allow, for the first time, a mechanistic understanding of the transition from H to RS cells.
Materials and methods

Cell lines
The nodular sclerosis (NS)-derived HD cell lines, L-428, HDLM-2 (DSMZ, Braunschweig, Germany), and the mixed cellularity (MC)-derived HD cell line, L-1236 (kind gift of Ursula Kapp, MD, Freiburg iB, Germany), were grown in suspension in 25 cm 2 culture flasks in RPMI-1640 medium, supplemented with 20% complement-inactivated fetal calf serum, L-glutamine (2 mM), penicillin (100 U/ml) and streptomycin (100 mg/ml) in 5% CO 2 in a humidified atmosphere at 37 1C and passed into new flasks containing fresh culture media twice weekly.
TRAP assay
Telomerase activity was determined by telomeric repeat amplification protocol (TRAP) assay according to the method described by the manufacturer (CHEMICON International, Temecula, CA, USA).
Tissue slides
Archival formalin-fixed, paraffin-embedded tissue slides (5 mm) were deparaffinized two times for 15 min at room temperature in xylene and placed in 100% ethanol. The slides were subsequently rehydrated in a descending gradient of ethanol-water to 30% ethanol, transferred to phosphate-buffered saline and kept at 4 1C until fluorescence in situ hybridization or immunostaining.
Immunohistochemistry
Fluorescent immunohistochemistry was performed, as described, 19 by using rabbit polyclonal antibodies as primary antibodies against TRF1, TRF2 and g-H2AX (Santa Cruz Biotechnology, Santa Cruz, CA, USA), each at a dilution of 1:100. Primary goat antibody against g-tubulin and mouse monoclonal antibody against centrin were kind gifts of Kenji Fukasawa, PhD, University of Cincinnati College of Medicine, OH, and Jeffrey L Salisbury, MD, Rochester, NY, respectively. Secondary antibodies were rabbit anti-goat IgG fluorescein isothiocyanate and goat anti-mouse IgG fluorescein isothiocyanate, each at a dilution of 1:1000. Analysis was performed by using a Zeiss AxioImager Z1 microscope (Zeiss, Toronto, ON, Canada). Images were acquired with a cooled AxioCam HR B&W (Zeiss).
Telomere fluorescence in situ hybridization HDLM-2, L-428 and L-1236 cells were collected (200 g for 10 min), resuspended in phosphate-buffered saline containing 3.7% formaldehyde (Fluka, Buchs, St Gallen, Switzerland) and incubated for 20 min. Thereafter, the telomere fluorescence in situ hybridization protocol was performed [20] [21] [22] by using Cy3-labeled peptide nucleic acid (PNA) probes (Dako, Glostrup, Denmark). Imaging of interphases after telomere fluorescence in situ hybridization was performed by using Zeiss AxioImager Z1 with a cooled AxioCam HR B&W, 4',6-diamidino-2-phenylindole, Cy3 filters in combination with a Planapo Â 63/1.4 oil objective lens. Images were acquired by using AXIOVISION 4.6 (Zeiss) in a multichannel mode followed by constraint iterative deconvolution as specified below.
3D image acquisition
At least 30 H-cell interphase nuclei and at least 30 RS-cell interphase polycaria were analyzed for each cell line. AXIOVISION 4.6 with deconvolution module and rendering module was used. For every fluorochrome, the 3D image consists of a stack of 80 images (40 images for histologic samples) with a sampling distance of 200 nm in the z and 107 nm in the xy direction. The constrained iterative algorithm option was used for deconvolution.
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3D image analysis for telomeres
Telomere measurements were carried out with TeloView TM. 21, 24 By choosing a simple threshold for the telomeres, a binary image is found. On the basis of that, the center of gravity of intensities is calculated for every object, resulting in a set of coordinates (x, y, z) denoted by crosses on the screen. The integrated intensity of each telomere is calculated because it is proportional to telomere length. 25 
Telomere aggregates
Telomere aggregates are defined as clusters of telomeres that are found in close association and cannot be further resolved as separate entities at an optical resolution limit of 200 nm. 21 
Telomere length
Telomeres with an intensity ranging from 1000 to 15 000 units are classified as short, with an intensity ranging from 15 000 to 30 000 units as mid-sized and with an intensity 430 000 units as large.
Telomere volume
Total telomere volume is the sum of all short, mid-sized and large telomeres and aggregates within one H cell or RS cell.
Nuclear volume
Nuclear volume is calculated according to the 3D nuclear 4',6-diamidino-2-phenylindole staining as described earlier. 26 
Statistical analysis
For each cell line, normally distributed parameters are compared between the two types of cells using nested or two-way analysis of variance. Multiple comparisons using the least-square means tests followed in which interaction effects between two factors were found to be significant. Other parameters that were not normally distributed were compared using a non-parametric Wilcoxon rank sum test. Significance levels were set at P ¼ 0.05. Analyses were performed using SAS v9.1 programs.
Results
Using 3D imaging of nuclei derived from HD cell lines and patient biopsies, we have analyzed the 3D nuclear organization of telomeres. Distinct features of telomere dysfunction are identified in classical HD of NS type within lacunar cells (variant RS cells with less conspicuous nucleoli) and of MC type within multinuclear RS cells.
3D nuclear organization of telomeres in Hodgkin's lymphoma, NS type
Three-dimensional analysis shows a series of telomere-related abnormalities that include partial or complete telomere loss and the formation of telomeric aggregates. In RS cells of both NSderived cell lines, L-428 and HDLM-2, a substantial loss (Po0.0001) of the total telomere volume compared with the total nuclear volume is observed (Table 1) . Moreover, in L-428, the total telomere volume is nearly identical (P ¼ 0.1709) in mononuclear H cells and bi-or multinuclear RS cells (Table 1) , and a loss of short telomeres (o40% of total telomere volume) is most pronounced in RS cells with large telomere aggregates. Large telomere aggregates are also identified in huge mononuclear H cells with twisted or convoluted nuclei (Figures 1a-c) . In RS cells of HDLM-2, there is a substantial increase (Po0.0001) of short telomeres (Table 1) , and telomere-poor 'ghost' nuclei are frequently associated with telomere aggregaterich nuclei (Figures 1d and e) . On diagnostic lymph node biopsies, the occurrence of telomere-poor 'ghost' nuclei is confirmed (Figure 2 ), and the frequency and size of telomeres are analogous to those identified in the HDLM-2 cell line ( Figure 3) . We conclude that telomere shortening and complete loss, as well as telomeric aggregate formation, are characteristics of RS cells within NS-derived cell lines (L-428 and HDLM-2) and, most importantly, of lacunar cells within diagnostic lymph node biopsies.
3D nuclear organization of telomeres in Hodgkin's lymphoma, MC type
When comparing H and RS cells in the MC-derived cell line, L-1236, a substantial loss of the total telomere volume compared with total nuclear volume (P ¼ 0.0084) is observed in RS cells ( Figure 4 , Table 1 ) and is most pronounced in outré giant forms with more than 10 nuclei (410 Â 2n nuclear equivalents) in which huge telomere aggregates appear. There is a significant shift (P ¼ 0.0118) to short telomeres (Table 1 ). In the lymph node sample of MC type of HD, a substantial loss of the telomere volume compared with the nuclear volume and a relative increase of very short telomeres are confirmed. Again, in 
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RS cells
, an increased number of telomere aggregates is observed ( Figure 5 ).
In summary, the formation of RS cells in both types of classical HD, in particular the number of nuclear equivalents within a single RS cell, correlates closely with 3D telomere organization and telomere loss. This process starts in H cells with aggregates and shifts to short telomeres (Table 1) and may have two possible outcomes: (i) if telomere loss and/or aggregation are advanced, further endomitosis becomes already impossible at a bi-or trinuclear stage; (ii) if the 3D telomere organization is less disturbed, endomitosis may progress and generate four or more nuclear equivalents ( Figure 6 ).
2D immunofluorescence
Two key telomeric proteins, namely TRF1 and TRF2, g-H2AX as an indicator of DNA damage and the mitotic spindle-related proteins, g-tubulin and centrin, were analyzed in the NS-derived cell line HDLM-2 and a lymph node of the MC type. Surprisingly, both TRF proteins show cytoplasmic localization mainly in H and RS cells (Figures 7a and b) of the cell line. Using an antibody against g-H2AX, indicative of chromosomal breakages and an early event in DNA damage response, we examined whether cells with short telomeres, with complete loss of telomeric signals and/or telomeric aggregates exhibit increased levels of DNA breakage. An accumulation of g-H2AX-reactive DNA is observed in the nuclei of RS cells, especially outré giant forms (Figure 7c ). We earlier identified in RS cells of the HD cell line, L-428, supernumerary centrioles, aberrant centrosomes and defects in mitotic spindle organization. 9 These findings are confirmed in RS cells of HDLM-2 and a lymph node biopsy in which the multiple pairs of centrosomes do not correlate with the number of nuclei and the high numbers of spindles and incomplete spindles are regularly detected (Figures  7d-f) . In all cell lines, the high telomerase activity was confirmed by the TRAP assay, as expected ( Supplementary  Figure 1) . Telomeres in Hodgkin's lymphoma
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Discussion
There is growing evidence that RS cells develop through endomitosis from mononuclear H cells 6, 8 and that cellular fusion is not involved. 27, 28 Genetic instability, including complex cytogenetic aberrations, is well documented in H and RS cells 10, 29, 30 but it is still unclear whether these markers develop as an epiphenomenon secondary to still unknown initial transformation events or represent well-defined events in tumorigenesis (reviewed by Re et al. 31 ). Telomerase activation, which is a hallmark of malignant tumors 32 and thought to be a late event in multistage tumorigenesis, 33 was first identified in HD by Brousset et al.
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High levels of telomerase activity were reported in seven HDderived cell lines including L-428 and HDLM-2, as well as in H and RS cells of NS and MC types of HD. 17, 18 Large amounts of Telomeres in Hodgkin's lymphoma H Knecht et al hTR detected in H and RS cells by in situ hybridization led to the conclusion that H and RS cells constitutively overexpress telomerase to stabilize their telomeres and to sustain immortalization. 18 Our results on 3D nuclear telomere organization in H and RS cells add substantial new information about the formation and nature of RS cells and are consistent with a model in which RS cells are a product of irreversibly disturbed telomere organization and telomere loss. This process seems to start in distinct H cells in which a critical level of aggregates and a shift to short telomeres may interfere with normal mitotic progression of the cell cycle. Depending on the amount of aggregates and telomere loss, further endomitotic activity is arrested at a bi-, tri-, tetra-or multinuclear stage ( Figure 6) . A decisive role of telomere shortening in the pathogenesis of HD and aggressive non-Hodgkin's lymphoma is also supported by the results of two recently completed prospective studies. 34, 35 Moreover, very short telomeres have been shown to have a predisposition to structural and numerical aberrations in colon cancer 36 and other malignancies. [37] [38] [39] Since its original description as a framework structure, 40 it has become evident that the nuclear matrix is a highly organized 3D structure in which chromosomes occupy specific non-random territories. 41 Telomeres seem to be anchored on the nuclear matrix proteins in an ordered manner. 42 The nuclear matrix undergoes specific organizational changes in pre-neoplastic and neoplastic lesions (reviewed by Coffey 43 ). In line with these findings, we recently demonstrated that c-Myc activation in pre-B cells disrupts 3D telomeric organization through the induction of aggregates followed by the formation of dicentric chromosomes, telomeric fusions and the initiation of breakage-bridgefusion cycles. 22 Thus, contrary to the situation in a normal cell with a stable genome and no telomeric aggregates, tumor cells are characterized by the formation of telomeric aggregates, which may be indicators of ongoing genomic rearrangements. In cells normally progressing through the cell cycle, TRF1 and TRF2 show a distinct intranuclear localization tethered to the telomeric regions 44 and interact with their shelterin partners in a dynamic spatial configuration. 45 Upon malignant transformation and in certain tumor tissues, accumulation and diffuse nuclear localization of TRF2 are observed. 46 In this context, our findings of TRF1 and TRF2 localization, mainly in the cytoplasm of HDLM-2 cells, are intriguing and consistent with the hypothesis that the disruption of the shelterin complex is an early event in the generation of H and RS cells. Upregulation of DNA repair mechanisms, as identified by the diffuse nuclear positivity of g-H2AX-reactive DNA in giant RS cells of HDLM-2 and the strong expression of the mismatch repair proteins, hMSH1 and hMSH2, in H and RS cells of biopsy samples, 47 may represent secondary defense mechanisms against ongoing DNA damage.
The centrosome and mitotic spindle abnormalities, identified in RS cells of HDLM-2 and those of diagnostic biopsies, confirm our earlier findings in L-428 cells 9 of a profoundly disturbed mitotic cycle in RS cells. As centrosome defects and chromosome instability, together with subtle cytologic changes, do occur at early stages in the development of cancer, 48, 49 it will be important to investigate peripheral blood lymphoid cells in patients with diagnosis of HD for centrosome and centromere anomalies. 26 
Conclusion
Multinuclear RS cells represent end-stage tumor cells, in which further nuclear division becomes impossible because of sustained 3D telomere aggregation, shortening or loss. In particular, the number of nuclei within RS cells correlates closely with the 3D organization of telomeres, thus allowing for the first time a mechanistic understanding of the transition from H to RS cells. This process is initiated in H cells and advances to end-stage telomere-poor 'ghost' nuclei, as observed in many RS cells. The shelterin complex appears to be disrupted and the mitotic cycle is profoundly disturbed.
